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Abstract

The link between M41S mesoporous silicates and all-silica zeolites during the initial stages of synthesis is analyzed with small-angle
scattering and conductivity experiments. The phase behavior of silica in aqueous solutions is studied for a family of quaternary ammo-
nium hydroxides, from tetramethylammonium to dodecyltrimethylammonium. All solutions exhibit a critical aggregation concentration
at a 1:1 SiO2:[OH�]initial molar ratio with solutions containing short chain compounds forming optically transparent (clear) nanoparticle
suspensions, and solutions of long chain compounds phase separating into a solid and a liquid phase. The solid phase is analyzed with X-
ray diffraction and thermogravimetric analysis and is found to have a hexagonal structure similar to MCM-41. Mid-sized chain length
compounds form solutions containing both the phase separated solid and nanoparticles. In addition to studying phase behavior, the role
of attractive hydrophobic interactions is studied using water/ethanol solutions. In ethanolic solutions, the entire family of quarternary
ammonium compounds are found to form stable nanoparticle suspensions.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Porous materials synthesis has recently focused on the
creation of functional materials tailored to specific pro-
cesses through directed assembly strategies [1,2]. Two suc-
cessful examples of this ongoing effort are of course zeolites
and ordered mesoporous silica materials. Both involve the
controlled condensation of silica either from the gel or
solution phase. Industrial application of zeolites, with
pores below 1 nm are extensive in separations and catalysis
[3–5]. Mesoporous materials have larger pore dimensions
(�2 nm) leading to applications in material templating,
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doi:10.1016/j.micromeso.2005.10.048

* Corresponding authors. Tel.: +1 302 831 2830; fax: +1 302 831 1048
(D.G. Vlachos); Tel.: +1 302 831 1261 (R.F. Lobo).

E-mail addresses: vlachos@che.udel.edu (D.G. Vlachos), lobo@che.
udel.edu (R.F. Lobo).
biological separations, controlled drug delivery and others
[6–8].

On the surface, the synthesis of these two classes of
materials appears quite different. Zeolitic materials form
in the presence of inorganic or organic cations that func-
tion as structure directing agents (SDAs or R+) [9]. Upon
heating, the silica self assembles to form a porous-crystal-
line framework with the SDA occulded within the pores.
In contrast, mesoporous materials form in the presence
of self-associating molecules such as cationic surfactants
like cetyltrimethylammonium bromide (MCM-41) [10]
and block copolymers (SBA-15) [11]. In these syntheses,
the condensation of silica occurs around the self-assembled
organic scaffolds and leads to a final structure with an
amorphous silica framework [12].

Closer examination of the two syntheses, however,
reveals many similarities [13]. Both form in gel or solution
phase under basic conditions (pH � 10–14). The materials
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can be prepared from most silica sources with synthesis
compositions that are identical. For example, silicalite-1,
an all-silica zeolite with an MFI framework-type, and
MCM-41 [14] are both formed under the same synthesis
conditions except for different quarternary ammonium
hydroxides (molar composition, 50 ROH:9500 H2O:83
SiO2:332 C2H5OH(EtOH)). Tetrapropylammonium
hydroxide (TPAOH) is used for silicalite-1; while for
MCM-41, the SDA is cetyltrimethylammonium hydroxide
(C16tMAOH).

We recently analyzed the initial stages of silicalite-1 for-
mation [15,16] and compared clear solutions of silica, water
and tetraalkylammonium hydroxides (TAAOH). In these
solutions, monomeric silica can undergo one of two reac-
tions. First, monomeric silica can dissociate (Eq. (1)).

SiðOHÞ4 þOH� $ SiðOHÞ3O
� þH2O ð1Þ

This reaction results in a reduction in the conductivity of
the solution caused by differences in the limiting molar con-
ductivity, k, of OH� and Si(OH)3O

� (kOH� = 198.3 S m2/
mol [17] and kSiðOHÞ3O� � 40 [18]). Also, the reaction lowers
the pH of the solution by consuming hydroxide anions.
The other possible reaction is condensation, which forms
silica clusters of size n (Eq. (2)).

SiðOHÞ4 $
1

n
SinO4n�mH4n�2m þ m

n
H2O ð2Þ

The solution behavior is described in Fig. 1a. The initial
addition of TEOS to solutions of TMAOH and H2O causes
a linear reduction of both the conductivity and hydroxide
concentration, [OH�] with the pH decreasing from 12.6
to 10.9. Reaction 1 dominates in this region [19] leading
to a solution rich in deprotonated monomeric silica species.
At approximately a 1:1 molar ratio of SiO2:[OH�]initial, the
slope of the conductivity changes abruptly. The pH in this
second region is relatively constant (pH = 10.7–10.9 for 9
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Fig. 1. Self-association of silica in TMAOH solutions. (A) The addition of sili
H2O shows a drastic change in slope at a 1:1 SiO2:[OH�]initial molar ratio. Point
the curve. The intersection of the two curves is defined as the critical aggregatio
A locus of CACs measured at different TMAOH concentration form a phase
nanoparticles. At high silica concentrations, gels or large particles form. The l
boundary as it is difficult to identify with precision experimentally.
TMAOH: 9500 H2O). Reaction 2 dominates in the second
region where silica condensation is the main reaction. In
both regions, the solutions are transparent; however be-
yond the critical concentration, small-angle X-ray scatter-
ing experiments show the formation of nanoparticles. We
denote this concentration of initial nanoparticle formation
the critical aggregation concentration (CAC), as defined
for self-assembling systems [20]. A series of measurements
with different initial pH from 12.0 to 13.1 were performed
resulting in a silica phase diagram with monomeric and
nanoparticle phases separated by a well-defined boundary
(Fig. 1b). Nanoparticle formation is reversible to changes
in silica or hydroxyl concentration for nanoparticles aged
up to a few days that we have studied [15].

The free energy of the nanoparticles was studied as
a function of size and found to have three important com-
ponents: a chemical component derived from silica con-
densation, an electrostatic component derived from the
formation of an electrical double-layer, and a surface
energy component [19]. All three components were required
to explain the presence of a minimum in free energy as a
function of size which would be associated with the forma-
tion of a uniform set of nanoparticles. For micelle and
microemulsion systems, this minimum in free energy would
be dependent on the ions involved in double-layer forma-
tion leading to variations in the size or structure of the
nanoparticle. However in this system, the identity of the
cation does not affect nanoparticle morphology.

The phase behavior of silica in the precursor solutions
can also be described in terms of the chemical potential
of silica in solution, l. As the silica concentration is
increased through region I, the chemical potential of the
monomer/oligomer solution, l1, increases as described by
[20]

l1 ¼ l0
1 þ kT � ln X 1 ð3Þ
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where X1 is the silica monomer concentration, kT is the sys-
tems thermal energy and l0

1 is the mean interaction free en-
ergy per molecule. Eventually, l1 increases to a value equal
to the chemical potential of the nanoparticle solution at a
given concentration:

l1 ¼ lN ¼ l0
N þ kT

N
� lnXN

N
ð4Þ

Here N is the number of monomers in the nanoparticle and
XN is the nanoparticles concentration. This concentration
results in an equilibrium between the two species. If the
minimum in free energy for nanoparticle formation de-
scribed above is deep enough (l0

N has a steep minimum at
N), this process will lead to the formation of a monodis-
perse set of self-assembled nanoparticles at a critical con-
centration [20].

In this manuscript, we investigate the aqueous chemistry
of silica at compositions relevant to mesoporous silicate
syntheses to determine the possible links between the for-
mation of nanoparticles and mesoporous materials during
these initial stages of material formation. The framework
of silica aggregation reported in [15] will be applied to
the class of MCM-41 materials originally reported by Beck
et al. [10]. The resulting silica products and solutions in
these syntheses are analyzed by various techniques. The
phase behavior is studied under conditions where self-
association of the SDA does not occur, (e.g. decyltri-
methylammonium (C10tMA+)), and where it does, (e.g.
dodecyltrimethylammonium (C12tMA+)). We find that
the phase behavior of silica in basic solutions is indepen-
dent of the self-associating nature of the SDA and that it
is only the chemical potential of the silica that signals the
onset of silica condensation. We conclude that silica nano-
Table 1
Organic Structure Directing Agents used in this report

Cation structure Name

Tetramethylammoniu

Butyltrimethylammon

Hexyltrimethylammo

Heptyltrimethylammo

Octyltrimethylammon

Decyltrimethylammon

Dodecyltrimethylamm

Preparation of homogeneous ‘‘clear’’ silicate solutions.
particles and mesoporous silica materials prepared with
alkylammonium cations are two different instances of the
same class of physical objects.

2. Experimental

2.1. Preparation of structure directing agents

Table 1 lists the structures of the organic SDAs used in
this work. Octyltrimethylammonium (C8tMA+), decyltrim-
ethylammonium (C10tMA+), and dodecyltrimethylammo-
nium (C12tMA+) bromide (Aldrich) are ion exchanged
with anion exchange resin, IONAC� NA-38 (OH-form,
Type 1, beads, J.T. Baker). Approximately 5–10 g of solid
is dissolved in deionized water (�50–100 g) and fed into the
column 50 ml at a time. After 1 h, the column is drained.
Final solution concentrations range from 0.08 M to
0.17 M. The yield of the exchange is �85% based on titra-
tion of the final solution with HCl.

Butyltrimethylammonium hydroxide (C4tMAOH) is
synthesized by first adding 10 g of 1-bromobutane
(Aldrich) dropwise to 8.63 g of trimethylamine solution
(31–35 wt.% in ethanol, Aldrich) in 100 ml of Ethyl Acetate
while stirring in an ice bath. The solution is allowed to stir
overnight forming large crystals of C4tMABr (50% yield
based on 1-bromobutane). The solution is then filtered
and dried in a dessicator containing zeolite NaX (Aldrich).
The crystalline C4tMABr is then ion exchanged to the
hydroxide form following the procedure above.

Hexyltrimethylammonium hydroxide (C6tMAOH) is
synthesized by adding 1-bromohexane (Aldrich) to tri-
methylamine/ ethanol solution in a 1:2 molar ratio. The
solution forms a viscous gel after stirring overnight. Excess
Code Solution appearance after CAC

m TMA+ Homogeneous

ium C4tMA+ Homogeneous

nium C6tMA+ Homogeneous/heterogeneous

nium C7tMA+ Homogeneous/heterogeneous

ium C8tMA+ Heterogeneous

ium C10tMA+ Heterogeneous

onium C12tMA+ Heterogeneous



J.M. Fedeyko et al. / Microporous and Mesoporous Materials 90 (2006) 102–111 105
trimethylamine and ethanol are removed in a rotovap. The
remaining white solid is washed with 200 ml cold ethyl ace-
tate (Aldrich). The solid is recrystallized in an ethyl acetate/
ethanol mixture overnight and the final solid is stored in a
dessicator over zeolite NaX to dry. The final yield is 62%
for the 1-bromohexane added. Heptyltrimethylammonium
bromide (C7tMABr) is synthesized following the same pro-
cedure with 1-bromoheptane (Aldrich). Both bromide
forms are ion exchanged to the OH� form following the
above procedure.

For small-angle neutron scattering (SANS) measure-
ments, the bromide forms of the SDAs are converted to
the deuterated hydroxide forms (TMAOD, C4tMAOD,
C6tMAOD, and C7tMAOD). These are synthesized by
mixing R+Br� (TMABr, from Aldrich and used as
received) with deuterated water and silver oxide (Aldrich)
in a 1.5:1 molar excess of silver oxide and stirring for 3–5
days.

Solutions prepared for conductivity and pH mea-
surements are synthesized in a two step process. First,
the SDA (TMAOH, (40 wt.%, Alfa Aesar), 0.101 M
C4tMAOH, 0.124 M C6tMAOH, 0.125 M C7tMAOH,
0.056 M C8tMAOH, 0.128 M C10tMAOH, 0.0823 M
C12tMAOH) is diluted with water to the desired concen-
tration. Tetraethylorthosilicate (TEOS) is then added to
these solutions to yield final molar ratios of 9 R+OH�:
9500 H2O:x SiO2:4x EtOH where x varies from 2 to 40.
These solutions are stirred for a minimum of 12 h, after
which small-angle X-ray scattering (SAXS) patterns and
conductivity are measured. SANS solutions are prepared
in D2O at a molar ratio of 9 R+OD�:9500 D2O:40
SiO2:160 EtOD. Solids formed in solutions of C8tMAOH,
C10tMAOH and C12tMAOH after CAC are filtered
washing with deionized water and dried in air prior to
thermogravimetric (TGA) and X-ray diffraction (XRD)
analysis.

Solutions to study the effect of ethanol are prepared at a
molar ratio of 22 R+OH�:9500 H2O:y SiO2:(4333 + 4y)
EtOH with y varying from 5 to 28 yielding solutions with
similar total silica concentrations (mol/l) similar to those
in the pure aqueous solutions. R+OH�, H2O and excess
EtOH are stirred for 30 min followed by the addition of
TEOS. The solutions are then stirred overnight.

MCM-41 is prepared from sodium silicate solution
(27 wt.% SiO2, Aldrich) at a molar ratio of 1 C16tMABr:
1.89 SiO2:0.738 Na2O:0.39 H2SO4:160 H2O. Water and
C16tMABr (Aldrich) are added to the sodium silicate solu-
tion and stirred for 1 min followed by the addition of 1 M
H2SO4 (Aldrich). The final solution is stirred for 30 min
and then heated to 100 �C in a teflon lined autoclave
for 4 days titrating the samples pH to 10 with 1 M
H2SO4 each day.

2.2. Analytical methods

The determination of CAC curves is performed with a
VWR Model 2052 EC Meter, and a Corning 355 pH/ion
analyzer using a SenTix high performance electrode. The
pH meter is calibrated with standardized pH 10 and 12 buf-
fer solutions (Alfa Aesar). The conductivity meter is cali-
brated using KCl standards at three different values (111,
12.8, 1.40 mS/cm).

SANS measurements are conducted on the 30 m instru-
ment (NG3) at the National Institute of Standards and
Technology at Gaithersburg, MD. The samples are placed
in quartz cells of 4-mm pathlength. A constant neutron
wavelength of 6 Å is used with a 1.2 m sample-to-detector
distance. Software provided by NIST [21] is used for the
normalization of the data and the subtraction of the sample
holder scattering. SAXS experiments are conducted on a
SAXSess camera SAXS system (Anton-Parr). Samples
are placed in a vacuum-tight 1-mm diameter quartz capil-
lary holder, and measured at 25 �C. CuKa radiation
(k = 1.54 Å) is used with a 265-mm sample-to-detector dis-
tance. The scattering patterns are collected on a phosphor
imaging plate in the q-range 0.07–7.7 nm�1. The darkcount
rate is subtracted followed by the normalization of the pat-
tern to the height of the primary beam signal. Desmearing
is conducted by subtracting the signal from a normalized
SDA/H2O sample. SAXS and SANS patterns are further
analyzed using the Generalized Indirect Fourier Transform
(GIFT) version 5-2000 software [22]. The subtracted scat-
tering patterns are fitted with a form factor followed by
indirect Fourier transform to obtain pair distance distribu-
tion functions (PDDFs).

TGA is performed on a TGA Q500 (TA instruments).
The temperature for TGA measurements is ramped from
room temperature to 800 �C at 10 �C/min in air.

XRD measurements are performed on a Phillips X’Pert
X-ray diffractometer (CuKa radiation). The scattered
intensity is measured in reflection mode over a 2h range
from 0.5 to 10 �C with a stepsize of 0.015 �C and 3 s per
step. Patterns are normalized to the 100 peak maximum
for comparison.

3. Results and discussion

The phase behavior of silica in aqueous solutions is
studied in the presence of a family of quarternary ammo-
nium cations with increasing chain length and hydro-
phobicity. Table 1 groups the cations based on the
solution ‘‘appearance’’ after the addition of TEOS above
the solutions critical point. First, the behavior of solutions
forming homogeneous (transparent) solutions (TMA+ and
C4tMA+), will be compared to the SDAs used in the for-
mation of M41S materials (C8tMA+, C10tMA+ and
C12tMA+) that form phase separated (heterogeneous)
solutions. Next, SDAs having characteristics of both the
homogeneous and heterogeneous mixtures (C6tMA+ and
C7tMA+) are studied to determine the link between the
phase separated and homogeneous solutions. Finally, the
properties of a mixed solvent system with TMA+ and
C10tMA+ will be studied to determine the effect of hydro-
phobic forces on the silica phases formed.
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3.1. Silica phase behavior in the presence of C8 and larger

cations

Beck et al. [10] showed that a family of mesoporous
materials (M41S) with varying unit cell dimensions could
be formed with quarternary ammonium surfactants by
increasing the chain length of one of the alkyl chains.
The chain lengths studied ranged from octyltrimethylam-
monium bromide ((CH3)3NC8H17, C8tMA+) to cetyltrime-
thylammonium ((CH3)3NC16H33, C16tMA+). We have
reinvestigated such solutions by following the conductivity
as a function of total silica concentration (Fig. 2a) for com-
positions 9 R+OH�:9500 H2O:x SiO2:4x EtOH, with x = 2
to 40 for C8tMA+ and C10tMA+. Qualitatively, the con-
ductivity follows the same trends as TMA+ solutions pre-
pared at the same composition (Fig. 1). All curves have
two linear regions: one below CAC with a rapid change
of the conductivity and one above with a smaller change
in conductivity. The CAC values are C10tMA+ = 0.055
mol/kg, C8tMA+ = 0.055 mol/kg, TMA+ = 0.052 mol/kg
with [OH�]initial = 0.0526 mol/kg yielding essentially the
same results previously reported for other TAA+ cations
[16]. However unlike our previous studies [15,16], these
solutions differ after CAC.
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Fig. 2. (A) Conductivity vs. silica concentration for three organic cations. A 9 R
measured for TMAOH, C8tMAOH and C10tMAOH. All three solutions displa
two regions for TMAOH. (B) SAXS patterns (Intensity vs. scattering vector)
characteristic of nanoparticles, but the C8tMAOH solution is featureless in th
cations. Two regions are present: a homogeneous solution of monomers an
precipitate in equilibrium with the liquid phase.
For TMA+, the solutions after CAC are transparent.
SAXS patterns of a TMA+ sample after CAC (Fig. 2b)
have a clear signal indicative of nanoparticles in solution
(3–5 nm). Solutions with the same silica concentration pre-
pared with C8tMA+ are opaque and exhibit a clear phase
separation with a white precipitate forming after a few
hours of stirring. No nanoparticle signal exists in the SAXS
patterns of the C8tMA+ in the filtered supernatant above
the white precipitate. The same behavior occurs for the
C10tMA+ and C12tMA+ cations. The solutions of quater-
nary ammonium surfactants above C8tMA+ display two
phases (Fig. 2c); before CAC silica forms monomers and
small oligomers and after the CAC silica forms a silica/
SDA precipitate phase.

The isolated silica precipitate is analyzed using
XRD (Fig. 3) and TGA (Fig. 4). The XRD patterns
of C8tMAOH, C10tMAOH and C12tMAOH materials
(Fig. 3a) display clear shifts in the first peak from 2.71 �C
2h (d spacing = 32.6 Å) for C12tMAOH to 3.50 �C 2h (d
spacing = 25.2 Å) for C8tMAOH. Comparison of the
C12tMAOH sample to a hydrothermally prepared MCM-
41 mesoporous material (Fig. 3b) using CTAB shows that
the materials have similar structures. Both samples dis-
play three diffraction peaks with MCM-41 having peaks
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characteristic of a sample made with a longer chain
SDA. Indexing the XRD pattern of the C12tMAOH prod-
uct is consistent with hexagonal ordering (d110 = 18.7 Å
and d200 = 16.0 Å). This is all consistent with the report
by Beck et al. [10] who showed that increasing the surfac-
tant chain length led to products with increasing pore size.
XRD measurements ranging from 5 to 50 �C 2h were also
performed (Supplemental Figure) and showed only one
broad peak indicative of amorphous silica.

TGA traces (Fig. 4) of the solid sample contain two
peaks representative of the SDA decomposition and
desorption, also present in the M41S materials [10]. The
first peak represents SDA decomposition and silica con-
densation. This peak has a maximum at the same location
as neat decyltrimethylammonium bromide (C10tMABr).
The small second peak at �530 �C (image enlarged in inset)
may be caused by occluded SDA within the silica.

There are some differences between the materials
reported here and the M41S series. First, the XRD peaks
are broadened significantly and the 110 and 200 reflec-
tions are nearly indistinguishable for C10tMAOH and
C8tMAOH samples. Also, a second peak in the TGA anal-
ysis of M41S materials is not observed for the room tem-
perature prepared materials reported here. Gross et al.
[23], using eisocyltrimethylammonium solutions, showed
that hydrothermal treatment will lead to changes in the
internal silica connectivity of the material and sharpening
of the XRD patterns. This condensation leads to a more
ordered structure with less internal silanol groups. M41S
materials prepared by Beck et al. [10] were heated to
150 �C for 48 h, whereas our solids are extracted from
room temperature precursor solutions. The more extensive
condensation of silica for the M41S materials may explain
the difference in the peak broadening between the reported
materials and the M41S series. In general though, the room
temperature materials do exhibit the same structural prop-
erties as M41S materials: both have hexagonal structures
and occulded internal SDA.

A link between nanoparticles and mesoporous materi-
als, therefore, is observed after crossing CAC. However
to gain some insight into the mechanism of mesopor-
ous formation, we next study the transition SDA region
(Table 1) for C6–C8tMA.

3.2. Silica phase behavior in the presence of mid-sized

cations

Conductivity (Fig. 5a) of solutions containing mid-sized
cations (C4TMAOH, C6tMAOH and C7tMAOH) also
exhibit a critical point at a 1:1 SiO2:[OH�]initial molar
ratio. Unlike the C8+ cations, SAXS patterns (Fig. 5b)
of the solutions from the region following CAC contain



Fig. 5. C4–C7tMA cations CAC and particle size. (A) Variation of conductivity with increasing silica concentration for TMAOH, C4tMAOH, C6tMAOH,
and C7tMAOH at a molar ratio of 9 R+OH�:9500 H2O:x TEOS:4x EtOH where x varies from 2 to 40. As with the M41S materials, a CAC is observed at
approximately a 1:1 molar ratio of SiO2:[OH�]initial. Dotted lines represent fitted linear slopes for the two regions for TMAOH. (B) SAXS patterns of
TMAOH, C6tMAOH and C7tMAOH at x = 40. TMAOH and C6tMAOH have scattered intensity trends consistent with the formation of uniform
nanoparticles. The C7tMAOH pattern displays a nanoparticle peak at higher q than the other SDAs and has residual scattering consistent with large
particles outside of the measurement range. (C) X-ray PDDFs of TMAOH, C6tMAOH and C7tMAOH at x = 40. The nanoparticle size appears to
decrease with increasing cation chain length. (D) SAXS/SANS PDDF comparison for C7tMAOH at x = 40. The difference between the PDDFs are
characteristic of a core–shell particle with a variation between core and shell scattering length densities. PDDF fitted from q = 0.9-5 nm�1 for the C7tMA+

nanoparticle.
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nanoparticles similar to the ones observed with symmetric
TAA+ species [15]. The solution, though, is not transparent
as with symmetric TAA+ cations. These solutions are
translucent, and in the case of C7tMAOH, a small quantity
of white precipitate is visible in the solution after CAC. The
SAXS pattern for C7tMAOH illustrates this behavior as
the pattern has a weak signal attributed to nanoparticles.
However, this signal does not level off at low q as would
be predicted for uniform nanoparticles. This additional
scattering intensity may represent a second particle popula-
tion not seen in C6tMAOH and TMAOH patterns mea-
sured at the same composition. The presence of larger
particles is clear from the solution appearance but their
characterization is beyond the scope of this paper.

The nanoparticle core size and shape is uniform for the
mid-sized cations. The SAXS patterns of C6tMAOH and
TMAOH, Fig. 5b, are nearly identical except for increase
in the overall particle scattering and background. The scat-
tering of extremely large particles could cause the overall
scattering intensity to increase without a signal observed
in the final SAXS pattern. C7tMAOH solutions contain
nanoparticles with smaller core sizes as based on a pair dis-
tance distribution function (PDDF) peak maximum (40 Å,
Fig. 5c) compared to TMAOH (56 Å) and C6tMAOH
(50 Å). The nanoparticles still retain the core–shell struc-
ture present for TAA+ nanoparticles. The comparison of
SAXS and SANS results for C7tMAOH, Fig. 5d, shows a
clear difference in the nanoparticle size, which arises from
the difference in scattering length densities, (Dq = qSDA �
qsolvent), between the SDA and different solvents. For
SAXS, Dq for C7tMA+ and H2O is 1.64 · 10�6 Å�2; while
for SANS in D2O, Dq is 6.75 · 10�6 Å�2. Scattered signal
intensity is proportional to Dq [2] resulting in an order of
magnitude difference in the final scattered intensities from
the particle shell in SAXS and SANS [24].

Preliminary analyses of the SANS patterns for the
C7tMAOH nanoparticle requires the inclusion of interpar-
ticle forces which are simulated in this case with a Hay-
ter–Penfold [25] interparticle force model. SANS pattern
analysis [26] shows that the best-fit particle morphology
for the C7tMAOH nanoparticle is a core–shell prolate ellip-
soid. The particle core has long and short radii of 19 Å and
12 Å. The simulated shell is not uniform with a thickness of
14 Å at the narrow ends of the prolate ellipse and a thick-
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ness of 4 Å in the center. Analysis of core–shell cylinder
models also led to particles with similar final dimensions.

The experimental results, from the C8–C12 and C6–C7

cations when combined with previous experiments on the
TAA+ system, show a fundamental connection between
the synthesis of microporous and mesoporous materials.
First, the phase behavior of silica in aqueous solutions is
independent cation’s potential to self-assemble. C8tMA+,
C10tMA+, and C12tMA+ are all capable of forming
micelles at relatively low SDA concentrations. The CACs,
however, for all three surfactants are indistinguishable
(0.052–0.055 mol SiO2/kg H2O). For C8tMA+ and C10t-
MA +, the critical micelle concentrations (CMC) for orga-
nization (0.293 mol R+/kg H2O for C8tMA+ [27],
0.068 mol R+/kg H2O for C10tMA+ [28]) are above CAC.
While for C12tMA+, CMC (0.016 mol R+/kg H2O) [28] is
three times lower than CAC. Therefore, regardless of the
presence of micelles in solution, the conductivity and
CAC behavior of silica is identical. Second, the formation
of nanoparticles occurs in all SDA solutions from TMA+

to C7tMA+. These nanoparticles have similar sizes and
core–shell structures. Furthermore, from XRD and TGA
analysis, it is apparent that the formation of mesoporous
materials does occur at room temperature after crossing
CAC although the material contains more defects and is
less ordered than the hydrothermally treated materials.
The link between microporous and mesoporous materials,
therefore, is through the nanoparticles present in the initial
synthesis solutions. Nanoparticles and mesoporous materi-
als are similar in nature as micelles are to liquid crystals.
Fig. 6. Hypothetical phase transformation process for silica solutions of C8tMA
proceeding through a series of phases of increasingly lower chemical potenti
nanoparticles (Phase II) after the solution CAC. In solutions with strongly hy
phase (Phase III). The phase can reorganize into an extended periodic structu
Microporous materials, however, are not of a similar nat-
ure requiring heating to form.

This finding supports the current trend in the develop-
ment of the mesoporous material formation mechanism
away from the original liquid crystal templating (LCT)
mechanism [29,30]. The LCT mechanism proposed that
the onset of silica aggregation was related to the formation
of surfactant micelles in solution [29]; however, we have
shown that silica condensation is not related to the pres-
ence of micelles in solution. Similar conclusions were
reached through fluorescence measurements of the counte-
rions present on the surface of CTAB micelles [31–33].
These measurements showed that silica was not found to
aggregate on the surface of the surfactant micelles as
required for an LCT mechanism. We propose a different
mechanism for mesoporous material formation presented
in Fig. 6.

The aggregation of soluble silica into nanoparticles and
mesoporous solids can be viewed within the thermody-
namic framework of self-assembly [20,34]. The self-assem-
bly of surfactants into micelles occurs when the chemical
potential of the surfactant in solution is equal to the chem-
ical potential of the surfactant in the micelle [20]. For the
silica/water/SDA system prior to CAC (Phase I, Fig. 6),
the chemical potential, l1, is such that the silica monomer
has a lower chemical potential than the silica nanoparticle
(l1 < l2), similar to a surfactant molecule prior to CMC.
Therefore, reaction 2 does not proceed to any measurable
extent. At CAC, silica in the aqueous phase (Phase I)
and in the nanoparticle (Phase II) have equal chemical
+ and larger. The formation of mesoporous materials can be thought of as
al. For all cations, monomeric silica solutions (Phase I) proceed to form
drophobic SDAs, these nanoparticles solutions aggregate to form a solid
re (Phase IV) with the lowest chemical potential.
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potentials, (l1 = l2) leading to self-assembly. For cation
chain lengths below C6tMA+, the nanoparticle phase is
the most stable silica phase at room temperature. However
for C8tMAOH and beyond, the solid precipitate is the most
stable state.

The question arises as to what causes the formation of
two different lowest energy states in the silica/water/SDA
system. The answer lies in the forces governing the stability
of nanoparticle sols with SDAs of different chain lengths.
As described above the stability of the nanoparticle is gov-
erned by three components: the condensation of silica, the
formation of the electrical double layer and surface forces.
For the nanoparticle, electrostatic repulsive forces proba-
bly dominate the solution behavior. However, for chain
lengths above C6tMA+, the electrostatic forces are super-
seded by the attractive hydrophobic forces between the
SDA in the double-layer of the nanoparticles. These attrac-
tive forces drive the particles toward aggregation (similar
to the formation of liquid crystals from micelles) [34]. Even
though these solutions are in many cases below the critical
micelle concentration of the SDA, the increase in the local
concentration of the SDA on the nanoparticle surfaces,
leads to the collapse of the stable nanoparticle suspension.
The solid that is formed in Phase III is the result of this col-
lapse and eventually reorganizes into a lower chemical
potential extended structure (Phase IV, l4). In the final
state, l4 is equal to l1 because silica is in equilibrium in
the two phases.

This hypothesis is in line with the conclusions reached
by Vartuli et al. [14], who connected variations in the liquid
crystal structure with changes in the SDA:SiO2 molar ratio
for CTAOH. Their experiments also show that the domi-
nant transition occurs at CAC of the solutions. Stable mes-
oporous materials were formed at concentrations near or
above CAC where the silica solution will have proceeded
to Phase IV. For large surfactants, Phase II and Phase
III are hypothetical (not observed experimentally) but are
helpful to visualize the formation of mesoporous materials.
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Fig. 7. Silica phase behavior in the presence of mixed solvents. (A) Conductiv
both TMA+ and C10tMA+. (B) SAXS patterns of the mixed solvent solution
TMAOH. The final solutions are both transparent and uniform.
It was also observed [14] that the silica concentration was
critical in determining the mesoporous phase present with
lower silica concentrations leading to the cubic MCM-48
and higher concentrations forming hexagonal MCM-41.
Regular solution theory [35] predicts that the solid should
have a higher concentration of the least soluble compo-
nent. In this case, CTA+ is the least soluble component
and would be the dominant solid component at concentra-
tions below or near CAC leading to the formation of cubic
MCM-48. Increasing the silica concentration causes an
increase in the SiO2:R

+ molar ratio in the solid phase until
a composition is reached leading to a transition from the
cubic to hexagonal structure.

3.3. Controlling particle aggregation in mixed solvents

The role of hydrophobic forces in the formation of
extended structures could be tested by preparing nanopar-
ticles in the presence of ethanol, because by adding ethanol
to the solutions, the hydrophobic interactions leading to
the aggregation of nanoparticles are reduced. As in the
aqueous solutions, the solution conductivity was followed
as a function of increasing silica concentration (Fig. 7a)
for TMA+ and C10tMA+ (22 R+OH�:9500 H2O:y SiO2:
(4333 + 4y) EtOH with y varying from 5 to 28). The behav-
ior is different. There is no clear CAC in the ethanolic solu-
tion. Recall that in alcohol solutions, silica has been shown
[36] to be essentially insoluble. This behavior is apparent in
the conductivity measurements with the curves displaying
no drastic change in the slope before or after CAC. In these
solutions, Phase I is not detectable and silica is forced to
self-assemble immediately.

SAXS patterns of the solutions display weak nanoparti-
cle scattering intensities at silica concentrations as low as
0.013 mol/kg or 1/5 the aqueous solution CAC. Nanopar-
ticle sizes are smaller than those present in aqueous solu-
tions, but are similar for both the TMA+ and C10tMA+

solutions. Both solutions are homogeneous with no pre-
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ity with varying silica concentrations indicates the absence of a CAC for
s display nanoparticle signals which are similar for both C10tMAOH and
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cipitate forming in the C10tMA+ solutions, but are very
sensitive to silica concentration with gels forming at signif-
icantly lower concentrations than observed in aqueous
solutions. These results show that hydrophobic forces are
important in the destabilization of nanoparticle solutions
required to form mesoporous materials.
4. Conclusions

The phase behavior of aqueous silica has been studied in
the presence of a family of structure directing agents that
lead to the formation of M41S materials and compared
to our recent work on tetraalkylammonium cations
(TAA+). For both cation types, the solution displays the
same critical behavior with a critical aggregation concen-
tration occurring at a 1:1 molar ratio of SiO2:[OH�]initial.
The phases present are different with M41S SDAs leading
to a white precipitate with no nanoparticles in the final
solution in contrast to the stable nanoparticle suspensions
formed in tetraalkylammonium solutions. SDAs in the
transition regime between TAA+ and M41S also display
the same silica critical behavior, but yield ‘‘hybrid’’ solu-
tions that contain both nanoparticles as well as the solid.
The driving force for both microporous and mesoporous
materials is the onset of silica aggregation that can lead
to stable nanoparticle suspensions or phase separated solu-
tions depending on the hydrophobic forces impacting the
SDA. Measurements on mixed solvent systems containing
ethanol and water verify the importance of hydrophobic
forces with stable nanoparticle suspensions forming for
C8–C12tMA+ and for TMA+ and C4tMA+ SDAs.
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